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ABSTRACT 
"he purpose of the contract is  t o  ascer ta in  the nature of the defect 
or defects responsible for the output degradation of s i l i con  solar  c e l l s  
i r rad ia ted  by space radiat ion.  Present e f f o r t  is  concentrated on the e f fec ts  
of l i thium on the production and annealing of damage i n  s i l icon.  
Samples of high-purity s i l i con  have been lithium diffused by the paint- 
on and l i thium-tin bath techniques. Samples of various lithium content have 
been prepared, and the l i thium content is  being measured by room-temperature 
r e s i s t i v i t y  and neutron act ivat ion analysis techniques. Both neutron and 
electron i r rad ia t ion  programs have been i n i t i a t e d .  L i f e t i m e  degradation 
rates a t  273 K and 302 K have been measured as a function of neutron fluence. 
From isochronal and isothermal anneal data the annealing kinet ics  appear t o  
be f i r s t  order and are controlled by the diffusion r a t e  of l i thium i n  s i l i -  
con. Results of the e f f ec t  of the l i thium concentration on the degradation 
and annealing of electron-irradiated lithium-diffused n-type s i l i con  have 
been obtained. An electron spin resonance study of the i r rad ia t ion  produc- 
t ion and anneal of the  divacancy has been in i t i a t ed .  
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1. INTRODUCTION 
The overa l l  purpose of t h i s  program is t o  ascer ta in  the nature of the 
defect o r  defects responsible f o r  the decrease i n  minority-carrier l ifetime 
i n  s i l i con  i r rad ia ted  by space radiation. 
and t h e i r  annealing mechanisms are known, it w i l l  be possible t o  determine 
parameters t ha t  w i l l  lead t o  the development of radiation-hardened devices 
( s i l i con  so lar  c e l l s  ) . 
When the nature of the defects 
The present e f f o r t  i s  concentrated on the study of the e f fec ts  of 
l i thium on the production and annealing of damage i n  s i l i con .  
being performed on lithium-diffused bulk s i l i con  using e l e c t r i c a l  measure- 
ments, such as minority-carrier l ifetime, electron spin resonance (ESR), 
e l e c t r i c a l  conductivity, and Hall e f fec t .  The temperature range from 
77.5OK t o  400°K is under investigation. 
electrons and f i s s ion  neutrons. 
This work i s  
The damage is  introduced by 30-MeV 
2 .  PROGRESS 
2 . 1  ELECTRON IRRADIATIONS 
To date, two samples of lithium-diffused s i l i con  have been subjected 
t o  30-MeV electron i r rad ia t ions .  
4 The f i r s t  sample was made from 10 ohm-cm n-type float-zone-grown s i l i -  
con by the l i thium-tin bath technique. (1) 
s i s t i v i t y  was 11 ohm-cm. This corresponds t o  an estilnated l i t h i u m  content 
of no = 4.5 x 10 c m  . Gold preforms were attached t o  a 1.6 x 1.6 x 9.1 
mm sample by heating it t o  45OoC f o r  7 min. Four leads were then soldered 
t o  the gold dots and the sample was mounted i n  a cryostat .  '*) me preir-  
radiat ion temperature dependence of the e l e c t r i c a l  conductivity is  shown 
Its i n i t i a l  room-temperature re- 
14 -3 
1 
i n  Fig. 1. 
low-injection-level excess ca r r i e r  l i fe t ime.  
with increasing temperature because the temperature dependence of the l a t -  
t i c e  scat ter ing.  (3 
with temperat& slightly too rapidly t o  be en t i r e ly  due t o  the temper- 
a ture  dependence of the capture cross section f o r  an a t t r ac t ive  singly 
charged center.  (4) Bowever, it is  c lear ly  too severe t o  be due t o  a neutral  
center.  The temperature dependence of l i fe t ime f o r  an a t t r ac t ive  center i s  
indicated on Fig. 1 f o r  comparison. The Fermi l eve l  f o r  t h i s  sample ranges 
from 0 . 1 t o  0.4 eV from the band edge. 
Figure 2 shows the preirradiat ion temperature dependence of the 
The conductivity decreases 
The preirradiat ion excess ca r r i e r  l i fe t ime decreases 
In  the minority-carrier l i fe t ime measurements, excess ca r r i e r s  were 
injected in to  the samples by two techniques, with a xenon strobe l i g h t  and 
with a 600-keV f l a sh  X-ray. 
techniques. 
The same l i fe t ime was measured by both thesc 
The sample was then taken t o  the  Gulf General Atomic l inear  accelerator 
(Linac) and the minority-carrier l i fe t ime was measured as a function of 
fluence a t  room temperature. 
11 2 fluences of 2.5 x 10 e/em per pulse. LOW in ject ion leve ls  f o r  l i fe t ime 
measurements were accomplished by shortening the Linac pulse t o  0.4 psec, 
defocusing the beam, and reducing the beam in tens i ty .  The i n i t i a l  room- 
temperature minority-carrier l i fe t ime of 55 psec was reduced t o  1 psec by 
a fluence of = 2.2 x A s  shown i n  Fig. 3, the i n i t i a l  degra- 
dation constant K (defined by l / ~  = l / ~ ~  + K@) is about 7 x 
The degradation constant appears t o  decrease t o  about 3 x loa8 (cm /e-sec) 
a t  fluences greater  than 1 x 1013 e/cm . 
The sample w a s  damaged by 4.5 psec pulses with 
2 
(e/cm ). 
2 (cm /e-sec).  
2 
2 There a re  two possible explana- 
t ions for  t h i s .  One is  t h a t  the l i thium i n  t h i s  sample was depleted a t  
such fluences. The other reason i s  t h a t  room-temperature annealing may 
have occurred during the i r rad ia t ion .  These K f ac to r s  a re  lower than 
1.1 x loS7 (cm /e-sec), previously measured f o r  s i l i con  doped t o  concentra- 
t ions of l 0 l6  t o  1017 ~ m - ~ ,  and a r e  c loser  t o  K 
f o r  s i l i con  without l i thium. 
2 
-8 2 6 x 10 (cm /e-sec) f o r  
The sample was then isothermally annealed a t  
2 
1 x 
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4 
5 
355OK for about 1 hour and at 38OoK for about 40 min. After this anneal, 
the minority-carrier lifetime had returned to 10 psec, indicating nearly 
90-percent anneal in the number of recombination centers. The number of 
recombination centers can be related to the carrier lifetime by 
where N is the density of recombination centers, v is the thermal velocity 
of the carriers and CT is the capture cross section of the recombination 
center for the carrier. 
After the anneal, the minority-carrier lifetime was again reduced to 
1.1 Vsec by an additional fluence of ‘p = 3 x 1013 e/cm2 and annealed 
again at - 420 K. 
apparent by an excess conductivity decay time which increased with decreas- 
0 After the second anneal, a trapping center was clearly 
ing temperature. 
e/cm . 
that the recombination lifetime could not be determined. This trapping 
center could not be removed by annealing at 43OoK for 66 hours. This an- 
nealing did not indicate any alteration of the properties of the trapping 
center or annealing of the radiation-introduced recombination centers. 
The sample was irradiated to a total fluence of 6.9 x 10” 
At this fluence level, the trapping at room temperature was so great 2 
The appearance of a trapping center after irradiation with 30-MeV 
electrons was previously noted(5) for the high-purity n-type silicon, which 
was our starting material prior to lithium diffusion. 
The postirradiation lifetime and conductivity as a function of temper- 
ature were measured and are presented in Figs. 1 and 2. 
The second sample subjected to 30-MeV electron irradiation was made 
4 from the same 10 
nique. 
1.5 x 10 cm ). The minority-carrier-lifetime sample was measured as 
ohm-cm n-type silicon by the lithium-oil paint-on tech- 
Its initial room-temperature resistivity was 0.4 ohm-cm (no % 
16 -3 
previously described. 
This sample was a l so  i r rad ia ted  a t  room temperature, and Fig. 4 shows the 
l i fe t ime degradation and anneal as a function of fluence. 
constant shows considerable variation, which we cannot presently explain; 
it i s  about 1,8 -10.3 x 
than 1 psec three times and completely recovered with 30 min anneals a t  
The i n i t i a l  room-temperature l i fe t ime was 4.5 psec . 
The degradation 
2 cm /e-sec. The l i fe t ime w a s  degraded t o  l e s s  
* 
370°K. 
posed t o  a t o t a l  fluence of 4 x loL4 (e/cm ). After this fluence the sample 
was isothermally annealed f o r  30 min a t  37OoK and 42OoK. 
ature  l i fe t ime recovered from l e s s  than 0.5 psec t o  about 1.6 psec, which 
implies approximately 80 percent of the radiation-induced recombination 
centers were annealed. 
After the sample was degraded and annealed three times, it w a s  ex- 
2 
The room-temper- 
No trapping w a s  observed a t  room temperature. 
In summary, the degradation constant f o r  heavily lithium-diffused s i l i -  
con is  greater  than f o r  l i gh t ly  diffused or nondiffused s i l icon .  
i s  observed a t  temperatures below 40O0K, but the a b i l i t y  t o  anneal appears 
t o  be inhibi ted as the fluence i s  increased. The greater  the i n i t i a l  l i t h -  
ium content, the greater  the fluence required t o  substant ia l ly  inh ib i t  re- 
covery. "he degradation constant decreases as  the t o t a l  fluence increases. 
These observations appear consistent w i t h  the idea tha t  lithium is depleted 
during the production and annealing of radiation-produced recombination 
centers. 
Annealing 
2.2 NEUTRON IRRADIATIONS 
4 Two 3.7 ohm-cm samples were made from 10 ohm-cm n-type float-zone- 
They were similar i n  grown s i l i con  by the l i thium-tin bath technique. 
every respect but t h e i r  A/A r a t i o  (A = distance between voltage probes, 
A = cross-sectional area); sample a had A/A = 8.37 cm ', and sample 
b, A/A = 7.43 cm . Figures 5 and 6 show the preirradiat ion and post- 
i r rad ia t ion  conductivity versus temperature for samples a and b, re-  
spectively. 
- 
-1 
7 
pig. 4--~nverse l i fe t ime versus fluence for the 0.4 ohm-em litk' 4li.Un- 
diffused n-type silicon i r radiated w i t h  30-MeV electrons 
a t  room temperature 
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versus lOoO/T for sample b 
10 
These samples were mounted in a vacuum chamber used previously to 
study solar  cells. 
Minority carriers are injected with a tungsten filament light source, which 
is passed through a lens system, water, GaAs, and Si filters, and is chopped 
by a toothed wheel at 10 
(pn p 
direct current conductivity is 0 
state photoconductivity technique. Thus, holding the sample current con- 
stant, one finds that 
This apparatus is schematically illustrated in Fig. 7. 
3 Hz. The change in conductivity is & = gTe 
+ p ), where g is the generation rate of the light source, and the 
epn . This is known as the steady- = 0 
3 The signal observed was de voltage (V) modulated by a 10 -Hz chopped 
signal of amplitude AV = V. From the above equation, it is clear 
that 
The constant A was empirically determined to be A = 2.95 x sec for 
sample a and % = 2.26 x lom2 sec for sample b at 30OoK. Figure 8 
shows the preirradiation and postirradiation minority-carrier lifetime as 
a function of temperature for sample a. These data are obtained from 
photoconductivity decay. Figures 9 and 10 show the preirradiation temper- 
ature dependence of AV/V for samples a and b. These data can be used t o  
determine T as a function of temperature once the temperature dependence 
of the mobilities is known. 
a 
These samples were subjected to neutron irradiations at Gulf General 
Atomic's accelerator pulsed fast assembly (AF'FA) facility. 
in the continuous (steady-state) mode at 5 watts. 
AF'FA was run 
This setting corresponds 
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15 
8 2 t o  7.5 x 10 
su l fur  p e l l e t  dosimeters. Sample a w a s  i r rad ia ted  a t  273'K; sample b 
a t  302'K. Sample a had an i n i t i a l  273'9 l i fe t ime of 30 psec; t h i s  was 
reduced t o  about 5 psec by a fluence of 2.25 x 10 (n/cm ). The sample 
was isochronally annealed f o r  5-min periods a t  temperatures up t o  k1l0K, 
degraded again, isothermally annealed a t  393OK, degraded a t h i r d  time, and 
then isothermally annealed a t  41 loK.  
Better than 90 percent of the damage introduced by the f irst  i r rad ia t ion  
w a s  annealed. 
a t ions was annealed. 
x LO 
lo1' n/cm . 
observed i n  nonlithium-diffused s i l icon ,  ( 6 )  as  might be expected. 
(n/cm -W-min) (E > 10 keV). Fluences were ver i f ied  with 
10 2 
Figure 11 shows 1/7 versus fluence @. 
Apparently a l l  the damage introduced by the next two i r r ad i -  
The degradation constant was found t o  be (6.4 rt0.4) 
-6 2 (cm /n-sec) and independent of the t o t a l  fluence, up t o  cp = 6.75 x 
The degradation constant i s  a l so  very nearly the same as t h a t  2 
2.2.1 Isochronal Anneal 
Isochronal anneal data were taken by rapidly heating the sample t o  an 
elevated temperature, holding it a t  t ha t  temperature f o r  5 min, and rapidly 
cooling it t o  273 K, where the l i fe t ime (as  evidenced by AV/V) w a s  remeas- 
ured. 
0 
Figure 12 shows the unannealed f rac t ion  of the t o t a l  and annealable 
The unannealed f rac t ion  of defects as  a function of anneal temperature. 
annealable defects i s  given by 
= observed l i fe t ime a t  273OK a f t e r  5-min anneal a t  temperature 
T, TT 
where 
= l i fe t ime a t  273OK immediately a f t e r  i r radiat ion,  TO 
T~ = observed l i fe t ime a f t e r  annealing has ceased. 
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18 
Assuming f i r s t -order  kinetics,  the  number of recombination centers a t  
t i m e  t is  given by N ( t )  - No e-Rt, where the rate constant R is  
-E/ kT 
9 R = v  e 0 
= atomic frequency factor ,  v0 where 
E = act ivat ion energy. 
Figure 13 is a semilogarithmic p lo t  of In (N/N ) versus 100/T, where 
N is  the number of recombination centers pr ior  t o  a 5-min anneal a t  temper- 
ature T and N is the number present after the  anneal. The values of N and 
N, were always measured a t  the i r rad ia t ion  temperature of 273OK or  3O2OK 
T 
T 
I 
before and 
energy was 
w a s  v = 0 
a f t e r  the anneal. From the data of Fig.  13, the act ivat ion 
found t o  be E = 0.69 lt0.02 eV. The atomic frequency fac tor  
(1.5 +0.1) x lo7 (sec -1 ). 
2.2.2 Isothermal Anneals 
The sample w a s  isothermally annealed a t  393OK and 411°K. Again, the 
sample was rapidly heated (t  < 60 sec) t o  the anneal temperature and held 
there u n t i l  changes i n  the  minority-carrier l ifetime (exhibited as AV/V) 
were observed t o  cease. Figure 14 shows the unannealed fract ion,  
of annealable defects as a function of t i m e  t. 
-Rt -E/ kT 
Assuming f i r s t -order  kinet ics  N ( t )  = No e and R = vo e 9 
one may determine the  act ivat ion energy and the atomic frequency fac tor  
from any two isothermal anneals. 
t h a t  the annealing kinet ics  are, indeed, f irst  order. 
The l inea r i ty  of Fig. 14 is evidence 
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For sample a, isothermal anneal data indicate t h a t  E 0.67 f0 .2  eV 
and v = (0.5 ~0.1) x 10 sec- l .  These r e su l t s  a r e  i n  agreement with the 0 
isochronal r e su l t s  and y ie ld  an act ivat ion energy close t o  tha t  of l i thium 
diffusion i n  the  s i l i con  l a t t i c e .  (7 1 The atomic frequency f ac to r  is  quite 
low compared t o  y 
7 
= 10l1 sec- l  which w a s  observed f o r  e lectron-irradi-  
a ted  lithium-diffused s i l icon .  (4 
Figure 8 shows both the preirradiat ion and post i r radiat ion minority- 
ca r r i e r  l i fe t ime of sample a .  These data were taken using the photocon- 
duct ivi ty  decay technique. The l i g h t  was f i l t e r e d  with water, GaAs, and 
s i l icon  before it impinged on the sample. Figure 5 shows the preirradi-  
a t ion and post i r radiat ion conductivity of the sample. 
sample completely recovered a f t e r  a t o t a l  fluence of 6.8 x 10 
with a 10-min anneal a t  411°K. 
It is  c lear  t ha t  the 
10 
(n/cm2) 
In  an e f fo r t  t o  detect  lighium depletion, sample b was subjected t o  
higher-fluence neutron i r rad ia t ions .  The sample was i r rad ia ted  a t  room 
temperature ( T  = 302OK) t o  determine whether the degradation constant 
was a strong function of temperature. The i n i t i a l  room-temperature l i fe t ime 
of - 30 psec w a s  degraded t o  about 2 psec by a fluence of 4.5 x 10 
The degradation constant a t  302'K was found t o  be K 
cm /n-see, the same degradation r a t e  found f o r  sample 
nearly the same as f o r  phosphorus-doped float-zone s i l icon  (K 
of equivalent r e s i s t i v i t y .  (6)  Figure 15 shows the inverse l i fe t ime versus 
fluence. Four i r rad ia t ions  a re  represented, three t o  fluences of 4.5 x 10 
n/cm and one t o  cp Between the f i r s t  and second ir- 
radiations,  the sample was isochronally annealed a t  temperatures up t o  440 K. 
Between the f i r s t  and second i r radiat ions,  about 90 percent of the radi-  
ation-induced damage w a s  annealed. Balf of the remaining 10 percent may be 
due t o  a reverse anneal which was apparent a t  T > 42OoK. 
runs, the sample was isothermally annealed a t  T = 4 1 1 O K .  The degradation 
constant was (6.4 k0.4) x lom6 cm2/n-sec f o r  a l l  runs except the f i n a l  and 
la rges t  one, i n  which, a t  cp > 5 x lo lo  n/cm , the degradation constant 
10 (n/cm2). 
= (6.4 k0.4) x lom6 
a a t  273OK and very 2 
-6 5.8 x 10 ) 
10 
2 2 1.3 x 10l1 n/cm . 
0 
After the other 
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0 decreased; a f t e r  the f i n a l  10-min anneal a t  410 K, the sample recovered 
only 40 percent of i t s  i n i t i a l  l i fe t ime.  This nevertheless corresponds t o  
an anneal of more than 90 percent of the radiation-induced defects a f t e r  a 
t o t a l  fluence of 'p 3.3 x lox1 n/cm . 
room temperature, the sample had apparently fur ther  recovered. 
2 Furthermore, a f t e r  2 days a t  
Sample b was isochronally annealed f o r  5-min periods a t  tempera- 
tures  between 302OK and 440'1~. Figure 16 shows the unannealed f rac t ion  
versus temperature. The 5-percent annealing a t  room temperature i s  due 
i n  par t  t o  experimental uncertainty. I n  addition, the room-temperature 
anneal was ac tua l ly  10 min long, because we were looking f o r  possible room- 
temperature isothermal annealing. A t  440°~, we observed what appeared t o  
be the beginning of a reverse anneal. 
fur ther  investigated a t  t h i s  t i m e .  
This possible reverse anneal was not 
One isothermal anneal a t  411°K w a s  investigated. Figure 17 shows the 
unannealed f r ac t ion  of annealable defects as a function of time f o r  both 
samples a and b f o r  a 411°K isothermal anneal. It is  evident t h a t  the 
annealing r a t e  i s  not s ign i f icant ly  d i f fe ren t  f o r  these two samples. 
2.3 ACTIVATION ANALYSIS 
To date, s i x  s i l i con  samples have been subjected t o  neutron act ivat ion 
analysis f o r  l i thium i n  an attempt t o  ver i fy  the l i thium content estimated 
by r e s i s t i v i t y  measurements. 
The amount of l i thium apparently detected i n  three of the samples was 
unreasonably high, so those samples were etched i n  HF, r insed i n  d i s t i l l e d  
H20 again, and remeasured. 
about a f ac to r  of ten  lower than the f irst .  
The l i thium detected by the second analysis w a s  
Unfortunately, the correlat ion between li thium content as estimated 
by neutron act ivat ion analysis and r e s i s t i v i t y  measurements i s  s t i l l  poor. 
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The actual limit of the measured amount of lithium by activation analysis 
appears to be about an order of magnitude greater than the interference- 
free limits of detection, about 10 -9 g. (9) 
The physical size of the samples is limited by the dimensions of the 
special polyethylene sample containers used in the pneumatic system re- 
quired to rapidly transfer the sample from the TRIGA reactor to the count- 
ing system. 
0.05 cm . The highest lithium concentration has been about 5 x 10 cm 
The average volume of the samples submitted to date has been 
3 16 -3 
(0.2 ohm-cm), which corresponds to a total lithium content of about 
-a 3 x 10 g. 
Consequently, activation analysis has indicated only the upper limit 
of the lithium content of our samples (0.2 ohm-cm < p li 11 ohm-em). Is 
our most highly diffused sample, activation analyses estimates were three 
times the lithium estimated by resistivity measurements. 
ment is disappointing, it would seem to indicate that Li is in the donor 
Li or  LiO state and not precipitated for n s 5 x 10 Li/cc, which is 
consistent with Ferman and Swalin's precipitation rate estimates for low- 
oxygen-content -silicon. (lo) One further test to determine whether or not 
there is substantial lithium precipitation is possible. We can make a low- 
resistance sample--p < 0.1 ohm-cm,no > (cm ). By cutting the sample 
to the shape of a right circular cylinder, we can maximize the sample di- 
mensions subject to the size of the sample vial. This should bring the 
total lithium content up to about 
by neutron activation techniques. 
While this agree- 
+ + 16 
0 
-3 
which can be accurately measured 
2.4 ELECTRON SPIN RESONANCE (ESR) 
2.4.1 Experimental 
The effect of lithium on the B-1 center (oxygen-vacancy) was studied 
using ESR during the previous contract. ( 8 )  In the present program, ESR 
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w i l l  again be used t o  invest igate  the e f f e c t  of lithium on the production 
and annealing of the divacancy. 
Toward t h i s  goal, the electron spin resonance apparatus was modified. 
The microwave plumbing f o r  the superheterodyne ESR spectrometer w a s  
assembled as shown i n  Fig. 18. Microwave power from the LFE 814 stable 
o s c i l l a t o r  i s  s p l i t  a t  the magic tee in to  the cavi ty  and reference arms 
of the spectrometer. This bridge arrangement i s  f i r s t  nulled using the 
attenuator and phase s h i f t e r  i n  the reference arm; then it i s  tuned away 
from n u l l  using only the phase sh i f t e r ,  thus producing a bridge sensi t ive 
t o  the dispersion mode. Microwave power i s  ref lected from the reference 
and sample arms i n t o  the detection arm of the bridge. 
The ESR signal  and the l o c a l  o sc i l l a to r  signals a r e  fed in to  a magic 
tee balanced mixer. 
and provides a 60-MC IF  s igna l  which can be amplified e lec t ronica l ly  by 
the IF  amplifier. This s ignal  i s  then fed in to  a PAR 121 phase-sensitive 
detector,  where it i s  demodulated from the 1-kc audio-frequency-field 
modulation s ignal  and f i n a l l y  displayed on a s t r ip-char t  recorder. 
This un i t  takes the difference of the two signals 
The dewar surrounding the TElol aluminum cavi ty  was vacuum checked 
and thermally cycled. 
and the e n t i r e  spectrometer operation, including noise levels ,  w a s  checked 
and found t o  be operating properly. 
A small amount of DPPH w a s  placed i n  the cavi ty  
The cavi ty  Q, voltage re f lec t ion  coeff ic ient ,  and incident microwave 
power were measured. 
w a s  cal ibrated against  the c r y s t a l  a t  the  output of the LFE stable  osc i l -  
l a t o r  and the 50-dB precision attenuator.  This information i s  necessary 
i n  determining the passage conditions. 
The amount of microwave power incident on the cavi ty  
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Fig. 18--ESR spectrometer for lithium-doped silicon studies 
A small coil was placed in the sample position in the TElol aluminum 
cavity to measure the amount of the 1-kc audio-field modulation which 
actually reaches the sample as a function of temperature. 
calculated against a 0.4-ohm measuring resistor in series with the audio- 
field modulation coils. 
the sample passage conditions. 
The field was 
This information is also necessary in determining 
2.4.2 Measurements 
The divacancy in n-type silicon is paramagnetic only when it is in a 
single negative charge state. 
to be ''seen" by the ESR technique, there must be a sufficient number of 
electrons in the conduction band to populate all of the centers. 
quires an accurate knowledge of the Fermi-level position, which is obtahed 
from sample resistivity measurements. 
This means that for all of the divacancies 
This re- 
Four ESR samples have been cut out of a slab of lithium-doped silicon, 
which has a resistivity of 0.66 ohm-cm as measured by the four-probe tech- 
nique. The microwave cavity dimensions, applied microwave magnetic field 
inhomogeneties in the cavity, and the sample-loading tube dimensions dic- 
tate a maximum sample size of about 2.3 by 1.2 by 6.4 mm. 
samples were cut to these dimensions. 
The four ESR 
The resistivity of these small samples must be known as accurately as 
possible, for the reason given above. Four-probe resistivity measurements 
of the small samples gave a value 140 percent higher than the true value of 
0.66 ohm-cm. Experiments indicated that the small samples were indeed 0.66 
ohm-cm, but since the sample dimensions were of the same order as the probe 
spacing (1 mm), an error was introduced in the four-probe measurements. 
Valdes used a method of images of the current sources to arrive at 
six correction factors to be applied to four-probe data when the sample 
size and probe spacing are of the same order. Using this same technique 
i n  the three cases of i n t e r e s t  here--( l )  probes perpendicular t o  a noncon- 
ducting boundary, (2 )  probes p a r a l l e l  t o  nonconducting boundaries, and (3) 
probes on top of a th in-s l ice  nonconducting bottom surface--three correc- 
t ion f ac to r s  were obtained which reduced the e r ro r  t o  about 40 percent 
above the true value of 0.66 ohm-cm. 
assumptions, the most important of which i s  that the above three cases a re  
independent of each other, which i s  not va l id  f o r  our small samples. How- 
ever, the calculations do suggest t h a t  the higher measured r e s i s t i v i t i e s  
of the small samples a re  due t o  the small dimensions of the sample and not 
t o  some other e f f e c t .  
These calculations involved several  
To check t h i s  postulation experimentally, a phosphorus-doped s i l icon  
sample of known r e s i s t i v i t y  (0.53 ohm-cm) w a s  cut  t o  the same dimensions 
a s  the ESR samples, and measured using the four-probe apparatus. It toa 
gave a measured value of about 140 percent higher than the t rue  value ( t o  
within the 10 percent repea tab i l i ty  of the four-probe measurements). 
a known correction f ac to r  can be applied t o  these four-probe measurements 
of the small ESR sample t o  determine the Fermi-level posit ion.  
Thus, 
3 .  ANALYSIS AND CONCLUSIONS 
In  the electron-irradiated samples, fluences beyond which l i fe t ime 
0 recovery a t  370 K i s  inhibi ted have been determined. This inhibi t ion might 
be a t t r ibu ted  t o  the depletion of lithium, which is  capable of annealing 
damage. 
I n  the neutron-irradiated samples, the degradation constants a t  273OK 
and 302OK were found t o  be (6.4 k0.4) x low6 cm2/n-sec. 
isochronal annealing behavior indicates act ivat ion energies of around 0.68 
eV and atomic frequency f ac to r s  on the order of 107 sec-l ,  which suggests 
t ha t  the anneal is  due t o  mobile lithium. 
Isothermal and 
4. PLANS FOR THF, NEXT R3PORTING PERIOD 
Plans for the next reporting period include: 
1. Continue the electron-irradiation program with an attempt to 
measure the irradiation temperature dependence of the lifetime 
degradation constant. 
Measure the preirradiation and postirradiation preanneal tempera- 
ture dependence of the lifetime in order to determine the charac- 
teristics of the radiation-produced recombination center. 
2. 
3. Continue the neutron irradiation program with an attempt to measure 
the postirradiation preanneal temperature dependence of the life- 
time . 
Attempt to measure the irradiation temperature dependence of the 
lifetime degradation constant for lithium-diffused n-type silicon. 
Investigate the possible reverse anneal at T > 420 K after neutron 
irradiations. 
Pursue the electron spin resonance measurements of the radiation- 
produced divacancy. 
4. 
0 5. 
6 .  
5. rn TECHNOLOGY 
No new technology is currently being developed or employed in this 
program. 
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